Energy conversion and storage is undoubtedly one of the greatest challenges in today\'s world[@b1]. Lithium ion batteries (LIBs), a fast-developing technology in electric energy storage, are currently predominant for a wide range of portable electronic devices, because of their advantages of high energy density, long cycle life, and environmental benignity[@b1][@b2]. In response to the emerging need, it is still essential to develop alternatives for commercially available LIBs electrode materials due to their low capacity and poor rate capability[@b1][@b2][@b3]. Nowadays, research efforts have been focused on discovering potential materials and fabrication techniques for developing the next-generation LIBs electrodes[@b3][@b4][@b5][@b6]. Nanostructured materials have attracted great interest in recent years because of the short diffusion lengths of li-ions, large material/electrolyte contact area, good strain accommodation, and the unusual mechanical and electrical properties endowed by confining the dimensions[@b4][@b5][@b6][@b7][@b8][@b9].

Recently, nano-sized transition metal oxides have been widely studied as anode materials for LIB applications owing to their high theoretical specific capacities and volumetric energy densities, comparing to the commercial graphite anode (372 mAh g^−1^)[@b3][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16]. Among them, nickel oxide (NiO) has attracted considerable attention due to its natural abundance, low cost, environmental friendliness, and high theoretical capacity (718 mAh g^−1^)[@b10][@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30]. Moreover, NiO may result in a high volumetric energy density due to its high density of 6.67 g cm^−2^. All of these impressive properties make it promising candidate as anode material in LIBs. Nevertheless, like other conversion based anode materials, the potential of utilizing NiO as high power LIB anode is greatly hindered by its poor electronic conductivity and capacity retention performance. To circumvent these problems, several research developments have been demonstrated recently, such as synthesis of NiO with nanostructures including nanotubes[@b16], nanofibers[@b17][@b18], nanoparticles[@b19], nanosheet-based microspheres[@b20][@b21], nanoflakes[@b22], nanoplates[@b23] and nanospheres[@b24] as well as forming composites with conductive materials like carbon and graphene[@b25][@b26][@b27][@b28][@b29][@b30]. In particular, the porous nanosheets based structure is considered as promising due to its porous structures and large specific surface areas, which can provide a short and easier pathway for electrolyte and ions to enhance their electrochemical performance. Notwithstanding these advances, the rational design and controllable synthesis to high performance anode still remain as significant challenges[@b20][@b21].

Currently, 3D electroactive nanostructured materials grown directly on conductive substrates as binder-free integrated electrodes for LIBs is an emerging new concept to bypass the problems, which can not only avoid the "dead surface" in traditional slurry-derived electrodes and allow for more efficient electron transport but also simplify electrode processing[@b31][@b32][@b33]. Moreover, the free space within nanostructures can better accommodate the volume change of the entire electrode during lithium insertion/extraction[@b31]. There have been several reports of direct growth of nanostructured electroactive metal oxides on conductive substrates to improve LIBs performance[@b31][@b32][@b33][@b34][@b35]. For example, ZnCo~2~O~4~ nanowire self-assembled hierarchical structures were synthesized on 3D conductive Ni foam substrate in our previous work, which presented enhanced lithium storage performance[@b34]. The direct growth of aligned single-crystalline NiO nanoflake arrays on Cu foils also shows a capacity of 720 mAh g^−1^ after 20 cycles[@b35]. Besides the above, the commercially available carbon cloth is considered as a new kind of substrate, which possesses the advantages of 3D structures, high conductivity, high strength, good corrosion resistance and high flexibility. Very recently, one-dimensional (1D) ZnCo~2~O~4~ nanowires grown on carbon cloth have been reported as flexible anode for LIBs, showing that growing nanostructured materials on carbon cloth is a promising strategy for flexible battery configuration[@b36][@b37][@b38].

Inspired by these advances, herein we report a cost-effective method to direct grow NiO nanostructures on flexible carbon cloth. The obtained nanostructures are mesoporous and have unique ultrathin sheet-like feature. These mesoporous nanosheets are interconnected with each other forming a stable network over the carbon cloth. Using the mesoporous NiO nanosheets/carbon cloth as a binder-free LIB anode, the integrated electrode exhibited high capacity, excellent cycling performance and good rate capability, which provides a possibility to replace graphite material. We further assembled a flexible full LIB to light a commercial LED light and four lighting nixie tubes under bending state, which demonstrates their potential applications in flexible electronics. And, to the best of our knowledge, the NiO nanostructure-based flexible electrodes have not yet been reported.

Result
======

In this study, ultrathin NiO nanosheets were successfully prepared on carbon cloth via a hydrothermal synthesis and subsequent annealing treatment. The composition and phase purity of the as-prepared samples were examined by X-ray diffraction (XRD), which are shown in [Figure 1](#f1){ref-type="fig"}, [Figure S1 and Figure S2](#s1){ref-type="supplementary-material"}. As shown in [Figure S1](#s1){ref-type="supplementary-material"}, the diffraction peaks of the as-prepared precursor/carbon cloth can be assigned to Ni(OH)~2~·0.75H~2~O (JCPDS 38-0715) and Ni(OH)~2~ (JCPDS 14-0117). After being annealed at 350°C for 2 h, the NiO-precursor is completely transformed to the cubic NiO phase (JCPDS 47-1049). As shown in [Figure 1](#f1){ref-type="fig"}, all the diffraction peaks in the pattern can be indexed to NiO with the face-centered cubic phase (JCPDS 47-1049). Besides, the observed peaks at 26° and 54° can be ascribed to the carbon cloth substrate, which can also be observed in the XRD pattern of pure carbon cloth as shown in [Supplementary Figure S2](#s1){ref-type="supplementary-material"}. No additional diffraction peaks other than NiO and carbon were detectable, implying the high purity of the product.

The SEM image of the pure carbon cloth is shown in [Supplementary Figure 3S(a)](#s1){ref-type="supplementary-material"}, which exhibits the ordered texture structure. Magnified image in [Supplementary Figure 3S(b)](#s1){ref-type="supplementary-material"} illustrates that each carbon fiber with smooth surface has a uniform diameter of around 10 μm. [Figure 2](#f2){ref-type="fig"} shows the morphology of the as-prepared NiO nanosheets/carbon cloth. [Figure 2a](#f2){ref-type="fig"} is the low-magnification SEM image of the final product, showing that the ordered woven structure of the carbon cloth still remains. The inset figure shows the optical images of the carbon cloth before and after NiO growth. It can be observed that the pure carbon cloth is with deep black color while the NiO nanosheets/carbon cloth is with light green color. [Figure 2b](#f2){ref-type="fig"} clearly displays the well-established texture structure of the NiO nanosheets grown on the carbon fibers. From the enlarged view shown in [Figure 2c](#f2){ref-type="fig"}, it can be observed that the nanosheets are grown perpendicularly over the entire carbon fiber. The nanosheets are interconnected with each other, which can not only create porous nanostructure with abundant open space and electroactive surface, but also buffer the volume change resulted from both external bending stress and repeated Li^+^ insertion--extraction. The free space between nanosheets will be beneficial for the diffusion of electrolyte into the electrode, leading to reduced diffusion lengths of Li-ions. The thickness of the NiO nanosheets layer is about 1.3 μm, which can be clearly observed in the [Figure 4S](#s1){ref-type="supplementary-material"}. In average, the mass loading of NiO nanosheets is about 1.77 mg on 1 cm^2^. Thus, a higher energy density can be achieved by the direct growth of nanostructures on conductive substrate compared to traditional binder based-electrode.

The mesoporous feature of the NiO nanosheets is clearly revealed through transmission electron microscopy (TEM) analysis, as shown in [Figure 3](#f3){ref-type="fig"}. [Figure 3a](#f3){ref-type="fig"} shows the low-magnification TEM image of one-piece prepared NiO nanosheets peeled off from the carbon fiber. The NiO nanosheets exhibit folding silk-like morphology with transparent feature, indicating their ultrathin nature. Due to the much larger lateral size than the thickness, the morphologies of bending, curling, and crumpling are clearly observed. The dark strips are generally the folded edges or wrinkles of the nanosheets, suggesting the interconnected nature of the sample, which is consistent with the SEM observations. The enlarged image shown in [Figure 3b](#f3){ref-type="fig"} reveals that the nanosheets are around 2--10 nm in thickness. The ultrathin feature of the nanosheets is ideal for intercalation-based electrode materials because of the high surface area and small crystallites inside the ultrathin nanosheets as well as the short Li-ion diffusion path. The high-resolution TEM image of nanosheets is shown in [Figure 3c](#f3){ref-type="fig"}. The lattice spacing of 0.24 nm and 0.21 nm can be readily indexed to the (111) and (200) crystal planes of the cubic NiO phase respectively, which further confirms the formation of crystalline structure of NiO nanosheets. The corresponding selected-area electron diffraction (SAED) pattern shown in [Figure 3d](#f3){ref-type="fig"} indicates the polycrystalline nature of NiO. The diffraction rings are respectively assigned to (111), (200), (220), (311), (222), and (400) planes, which are in good agreement with the above XRD results. Moreover, numerous inter-particle mesopores, distributed throughout the whole surface of these ultrathin nanosheets, can be clearly seen from [Figure 3b](#f3){ref-type="fig"}. The inset image in [Figure 3b](#f3){ref-type="fig"} indicates that the mesopore in nanosheets is with a pore size of around 2--5 nm, which could be related to the rapid release of water molecules during the annealing process. The mesoporous structures in nanosheets are important to facilitate the mass transport of electrolytes within the electrodes during fast discharging/charging process, to reduce the diffusion lengths of Li-ions and enable the achievement of durable high rate capability.

The mesoporous feature of NiO nanosheets was further characterized by BET N~2~ adsorption--desorption analysis at 77 K. The nitrogen adsorption/desorption isotherms and pore size distribution in the nanostructures are shown in [Figure 4](#f4){ref-type="fig"}. The as-prepared sample exhibits a specific surface area of 67.3225 m^2^ g^−1^. The pore size distribution, derived from desorption data and calculated from the isotherm using the Barrett-Joyner-Halenda (BJH) model (the inset of [Figure 4](#f4){ref-type="fig"}), shows that most of the pores fall into the size range of 2 to 5 nm and the average pore size is calculated to be 4.8 nm, which is in good agreement with the measured results of the high resolution TEM image. We further conducted the low-angle XRD test for NiO nanosheets/carbon cloth, and the result is shown in [Figure S5](#s1){ref-type="supplementary-material"}. The absence of prominent peaks in the low-angle range indicates that the NiO nanosheets are with disordered mesoporosity. As demonstrated in many cases, the incorporation of mesoporosity in transition metal oxides, which can confine d-electrons to the walls between the pores, brings improved electrochemical properties[@b39]. Such a mesoporous textural feature of NiO nanosheets will provide good access for Li-ions across the interface, rapid ion transport, and alleviate the mechanical strain owing to the volume variations during the repeated Li^+^ insertion--extraction, which will be beneficial to the improvement of electrochemical performance.

To highlight the merits of the unique architecture, the mesoporous NiO nanosheets/carbon cloth was evaluated directly as an anode for LIBs. The as-prepared samples were configured in laboratory-based CR2032 coin-type half-cells, without any binders or conducting additives. To understand the reaction mechanism during electrochemical charge--discharge process, cyclic voltammograms (CV) tests were conducted at a voltage window of 0.01--3.0 V vs. Li^+^/Li at a slow scan rate of 0.1 mV s^−1^, as displayed in [Figure S6](#s1){ref-type="supplementary-material"}. During the first cathodic sweep, two peaks are observed at around 0.67 V and 1.85 V. The strong peak at 0.67 V can be assigned to the reduction of NiO to Ni accompanied by the formation of amorphous Li~2~O and electrolyte decomposition to form the solid electrolyte interphase (SEI) layer[@b20][@b21][@b22][@b23][@b24]. The relatively weak peak at 1.85 V might be attributed to the structural destruction and disappears in the subsequent scans. Different from the first cycle, the second cycle shows that the reduction peak is gradually moved to about 0.9 V and becomes much broader. In the anodic polarization process, a broad peak was observed between 1.15 V and 1.70 V, which can be attributed to the dissolution of the SEI layer. The peak at 2.47 V is attributed to the oxidation of Ni to Ni^2+^. The Nyquist plot of the mesoporous NiO nanosheets/carbon cloth electrode before cycles was exhibited in [Figure S7](#s1){ref-type="supplementary-material"}. Based on the equivalent electrical circuit model shown in inset figure of [Figure S7](#s1){ref-type="supplementary-material"}, the solution resistances (Rs) and the calculated charge transfer resistances (Rct) of the cells are 8.41 Ω and 54.5 Ω, respectively. The surface layer resistance is obviously small, which can benefit the diffusion of the Li ions.

Galvanostatic discharging-charging tests were performed to investigate the lithium insertion/extraction behavior of the prepared electrodes at a voltage window of 0.01--3 V vs Li^+^/Li, and the electrochemical performance is presented in [Figure 5](#f5){ref-type="fig"}. [Figure 5(a)](#f5){ref-type="fig"} shows the representative discharging-charging profiles including 1st, 2nd, 10th and 60th cycle during discharging (Li^+^ insertion) and charging (Li^+^ extraction) process at a current rate of 100 mA g^−1^ (0.17C, C = 718 mA g^−1^). It can be seen that the curve of first discharging process exhibits a wide plateau at about 0.7 V. In the following cycles, the discharging plateau becomes steeper and moves upward, and is replaced by a long sloping curve from 1.5 V to 0.9 V, which is similar to the previous reports[@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24]. The first charging curve exhibits two peaks at 1.6 V and 2.3 V, which can be assigned to the oxidation of SEI layer and Ni nanograins respectively[@b40][@b41][@b42]. This result is in good agreement with the CV measurements.

[Figure 5(b)](#f5){ref-type="fig"} shows the capacity retention of the mesoporous NiO electrode at 100 mA g^−1^ and the corresponding Coulombic efficiencies. As expected, the attractive electrode architecture manifests good electrochemical reversibility and stability in the lithium insertion and extraction reactions. The initial discharging-charging capacities are 1156.5 and 882.6 mAh g^−1^ respectively, corresponding to a Coulombic efficiency of 76.3%. The irreversible capacity loss of 23.7% could be ascribed to electrolyte decomposition and irreversible formation of SEI films, which is lower than the most results of reported NiO electrodes[@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24]. The carbon substrate with good conductivity and the mesoporous sheet-like nanostructures should be responsible for the improvement in initial irreversible capacity loss. The discharging-charging capacities are kept well during the subsequent cycling without remarkable decay. A reversible capacity of 892.6 mAh g^−1^ was achieved even after 120 cycles with 103.4% capacity retention from 3 to 120 cycles. The discharging capacity is always higher than the theoretical capacity (718 mAh g^−1^). This extra capacity may be ascribed to the reversible growth of a polymeric gel-like films resulted from kinetically activated electrolyte degradation, which is common in almost all transition metal oxide anodes[@b31][@b32][@b34][@b37][@b38][@b39][@b40][@b41][@b42][@b43][@b44]. Besides, the Columbic efficiencies are higher than 98% during 2 to 120 cycles indicating very good reversible capacity and cycling stability during the discharging and charging process. As shown in [Figure S8](#s1){ref-type="supplementary-material"}, We further checked the structure of mesoporous NiO nanosheets/carbon cloth cycled at 100 mAh g^−1^ after 80 cycles. From the image, we can see that although some cracks were observed, the electrode still remains integrity, further proving the stability of the electrodes after cycling tests. To investigate the contribution of carbon cloth to the total capacity, galvanostatic discharging-charging tests were conducted, and the results are presented in [Figure S9](#s1){ref-type="supplementary-material"}. It can be seen that the carbon cloth exhibits a negligible contribution to the total capacity of the mesoporous NiO nanosheets/carbon anode.

To evaluate the rate capability, the electrode was cycled at different current densities ranging from 100 to 5000 mA g^−1^ and the results are displayed in [Figure 5c](#f5){ref-type="fig"}. As the current density was gradually increased from 100 to 250, 500, 1000, 2000 and 5000 mA g^−1^, the electrode delivered the reversible capacity of 896.6, 782.5, 725.2, 584.8, 426 and 298.4 mAh g^−1^ respectively, which demonstrates an excellent high rate performance for high power LIBs. More importantly, after the high rate discharging-charging cycles, the discharging capacity could be resumed to 836.2 mAh g^−1^ and got an increase for another 10 cycles when the current density was performed at 100 mA g^−1^. This indicates that the integrity of mesoporous NiO crystals has been preserved even after high rate cycling, showing a potential for high power application. Inspired by this, we further tested the mesoporous NiO electrode at a relative high current density of 700 mA g^−1^ (0.97C) for 150 cycles, as shown in [Figure 5d](#f5){ref-type="fig"}. The electrode shows a slight decrease at the initial 30 cycles. Afterwards, the capacity gradually increases until the 150th cycle. The specific capacity remains at 758.1 mAh g^−1^ even after 150 cycles, which is higher than the theoretical capacity of 718 mAh g^−1^. Besides, the Columbic efficiency of the first cycle is 85.3%, which is the highest in reported results of NiO electrodes. The good conductivity of the NiO/carbon cloth and unique structure of NiO with mesoporous sheet-like feature should be responsible for the improvement in initial irreversible capacity loss. The mesoporous nanosheet can promote accessibility of the electrolyte and diffusion of the species. Moreover, the mesoporous NiO could promote the formation of highly disordered Ni nanograins which can implement the catalytic activity of the reduction and oxidation of the electrolyte, thus improving the initial Columbic efficiency and increasing the capacity[@b23]. Until now, this is the best high-rate cycling results under high current density with such a large mass loading without binder.

Discussion
==========

The high capacity, excellent cycling stability and great rate capability of binder-free electrode based on the mesoporous NiO nanosheets/carbon cloth might be attributed to the following aspects. Firstly, the mesoporous feature of the NiO nanosheets demonstrated by TEM and BET results can not only provide a short distance for Li-ion diffusion and sufficient space for a high rate lithium intercalation, but also can effectively accommodate the large volume changes during the lithiation and delithiation process, thus leading to improved lithium storage properties[@b45]. Secondly, the interconnected nanosheets form a network texture and provide large active electrode--electrolyte contact area for high-speed access of Li-ions across the interface and good structural buffering against volume change. And the ultrathin nature of the nanosheets requires lower activation energy for the Li-ion intercalation reaction, which promotes the diffusion of electrolyte into the inner area of the electrode and enables rapid Li-ion diffusion. Thirdly, the highly conductive carbon cloth can greatly enhances the stability of the anode[@b36][@b37][@b38]. The direct growth of mesoporous NiO nanosheets on conductive carbon cloth substrate and their excellent adhesion provide a better electrical contact between NiO nanosheets and the substrate as well as fast electron transport, which is beneficial to improve the kinetics of the anode. Combining the integrated electrode design of interconnected NiO nanosheets grown on conductive substrates, the sheet-like ultrathin nanostructures, mesoporous feature of the NiO nanosheets will undoubtedly lead to enhanced electrochemical performance for high performance LIBs, which also offers a promising route for electrode design with high capacity, excellent cycling stability and rate capability for LIBs.

The mesoporous NiO nanosheets/carbon cloth electrodes showing excellent electrochemical performance also possess highly flexible characteristics, which make them suitable candidates for flexible electronic applications. [Figure 6(a)](#f6){ref-type="fig"} shows the photographic images of bent carbon fiber cloth, revealing its highly flexible nature. [Figure 6(b)](#f6){ref-type="fig"} shows the carbon cloth grown with mesoporous NiO nanosheets, which is also readily rolled up with a tweezer. It can be clearly observed that the integrated structure exhibits excellent flexibility, which makes it possible for further flexible device applications. To demonstrate its practical applications, we fabricated flexible full LIBs using the mesoporous NiO nanosheets/carbon cloth as binder-free anodes. [Figure 6(c)](#f6){ref-type="fig"} shows the schematic of the fabricated flexible full battery, consisted of the flexible NiO nanosheets/carbon cloth (anode), a flexible separator, the LiCoO~2~/Al foil (cathode), LiPF~6~-based electrolyte, cleaned carbon cloth (shim) and a flexible aluminum (Al) soft packaging film. The final packaged full battery, consistent with the schematic of [Figure 6(c)](#f6){ref-type="fig"} is exhibited in [Figure 6(d--e)](#f6){ref-type="fig"}, which reveals the excellent flexibility. The as-fabricated full battery was assembled and then cycled at 700 mA g^−1^ for 100 cycles. The mass loading of the active material of cathode and anode are approximately 13--15 and 1.5--1.8 mg cm^−2^, respectively. The calculated capacities of cathode and anode (2\*4 cm^2^ pieces) are approximately 14.5--16.7 and 8.4--15.0 mAh, respectively. The cycle performance of the bent full batteries was shown in [Figure 6(f)](#f6){ref-type="fig"}. It can be observed that the initial discharge capacity is 1240 mAh g^−1^, and decrease fast to 730 mAh g^−1^ after 10 cycles. The result indicated that the LiCoO~2~ cathode does not fit well with the anode for the complete battery system. In the following cycles, the reversible discharge capacity remains stable with slight decrease. The bent full battery can still deliver a relatively high reversibility capacity of 500 mAh g^−1^ after 100 cycles even the performance of the anode was partly hindered by the LiCoO~2~ cathode. To further demonstrate its practical application, we used the as-assembled full flexible battery to supply power under greatly bending state. [Figure 6(g)](#f6){ref-type="fig"} shows that the bent flexible full battery can successfully lighten four lighting nixie tubes to display a pattern of "HUST", which is the initial of Huazhong University of Science and Technology.

It can be observed that external bending can hardly affect the performance of the flexible LIB with good stability and flexibility, which demonstrates its potential applications for future wearable/portable energy storage system.

In summary, we have prepared interconnected NiO nanosheets on highly flexible carbon cloth substrate as binder-free anode for LIBs through a simple solution method together with a post-annealing treatment. The obtained NiO nanosheets possess mesoporous feature which was confirmed by both TEM and BET. The integrated hierarchical 3D electrode shows many advantages such as large surface area, short diffusion length, good mechanical strength against volume change, fast ion and electron transport. The as-prepared electrode exhibited outstanding electrochemical performances such as high specific capacity (892.6 mAh g^−1^ after 120 cycles at 100 mA g^−1^), excellent cycling stability (\>98% Columbic efficiencies), long cycle-life (150 cycles) and good rate capability (758.1 mAh g^−1^ after 150 cycles at 700 mA g^−1^). The electrode structure also possesses high flexibility, which was directly used as an anode to build flexible full battery. The battery demonstrated its flexibility by powering a commercial LED light and four nixie tubes respectively under bending state. The proposed fabrication approach and the 3D hierarchical integrated electrode design are promising for realization of high performance energy storage devices, especially for next-generation wearable/flexible electronic devices.

Methods
=======

Synthesis of NiO nanosheets/carbon cloths
-----------------------------------------

Carbon cloth with hydrophilic surfaces was purchased from Taiwan CeTech Co. Ltd. The LiCoO~2~/Al foil used as cathode for full battery was purchased from Shenzhen Kejing Technology Co., LTD, and loading amount of LiCoO~2~ powder is about 150 g m^−2^. All chemicals are of analytical grade and commercially available, and are directly used without further purification.

A typical synthesis for mesoporous NiO nanosheets on carbon cloth was performed as following. The carbon cloth substrates were cleaned by sonication sequentially in acetone, ethanol and water for 30 min each. After being dried, the well-cleaned carbon cloth was placed vertically into Teflon-lined stainless autoclave of 100 ml capacity. 10 mmol NiCl~2~ 6H~2~O, 40 mmol CO(NH~2~)~2~, 20 mmol NH~4~F were dissolved in 100 ml of deionized water to form a homogeneous solution by constant stirring. After stirring for 1 h, the solution was transferred into the autoclave. The autoclave was sealed and maintained at 120°C for 7 h in an electric oven. After the autoclave cooled down to room temperature naturally, the sample was taken out, rinsed with ethanol and distilled water for several times, and dried in a vacuum oven at 60°C for 12 h. In the next step, the sample was put in a quartz tube and calcined at 350°C for 2 h with a ramping rate of 2°C min^−1^.

Characterization
----------------

The morphology of the products was characterized by using field-emission scanning electron microscopy (FESEM, JEOL JSM-6700F) with an energy dispersive X-ray (EDX) attachment, transmission electron microscopy (TEM, FEI, Tecnai G^2^ 20) and field-emission transmission electron microscopy (FETEM, FEI, Tecnai G^2^ F30). Crystal structure of products were characterized with X-ray diffractometer (XRD; X′ Pert PRO, PANalytical B.V., the Netherlands) with radiation from a Cu target (Kα, λ = 0.15406 nm). The ordering of mesostructure was analyzed by a lower-angle X-ray diffractometer system (RIGAKU D/MAX-RB, Japan) with a Cu Kα radiation source generated at 40 kV, 30 mA. Specific surface areas were computed from the results of N~2~ physisorption at 77 K (Micromeritics ASAP 2020) by the Brunauer--Emmet--Teller (BET) and Barrett--Joyner--Halenda (BJH).

Electrochemical measurements
----------------------------

The electrochemical performance of the as-synthesized product was investigated by using it as a binder-free anode in LIBs in coin-type half-cells, which were laboratory-assembled by a CR2032 press in an argon-filled glove box with oxygen and water contents below 1 and 0.1 ppm respectively. A pure lithium foil was used as the counter electrode as well as reference electrode. A piece of NiO/carbon cloth was used directly as the working electrode, and Celgard 2400 polymer separator was employed. The electrolyte was 1 M LiPF~6~ in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume). The cells were then aged for 12 h before the measurements to ensure full percolation of the electrolyte to the electrodes. Coin-type half-cells were cycled at various current densities and the voltage range of 0.01--3.0 V (vs Li^+^/Li) at room temperature with a multichannel battery measurement system (Land, China). Cyclic voltammetry (CV) and electrochemical impedance spectra (EIS) experiment were conducted on an Autolab work station (PGSTAT-302N, Eco Echemie B.V. Company). The CV experiment was carried out in the range of 0.01--3.0 V (vs Li^+^/Li) and at a scan rate of 0.1 mV s^−1^. The EIS experiment was carried out at a frequency range of 0.01 Hz--100 kHz at an amplitude of 10 mV versus the open circuit potential.

The flexible full battery was assembled by using the NiO nansheets/carbon cloth as the anode, commercial LiCoO~2~ as a cathode, 1 M LiPF~6~ in a mixture of ethylene carbonate (EC) and diethyl carbonate (DMC) (1:1 by volume) served as the electrolyte, Celgard 2400 membrane as separator, and cleaned carbon cloth as shim to ensure contacting. The whole battery was packaged with Aluminum soft packaging film by heat-sealing. The full LIBs were assembled in an argon-filled glove box where oxygen and water concentration were strictly limited to below 1 ppm. The full cell was galvanostatically charged and discharged between 1.0 and 4.0 V versus Li^+^/Li at room temperature with a multichannel battery measurement system (Land, China). The as-assembled full battery was charged to 4.0 V at room temperature with a multichannel battery measurement system (Land, China) before being used.
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![XRD pattern of the as-prepared NiO/carbon cloth composite.](srep07413-f1){#f1}

![Morphology of the as-prepared NiO/carbon cloth composite.\
(a--d) Typical SEM images of NiO nanosheets grown on carbon cloth with well-established textiles at different magnifications; Inset in Figure 2(a): the photographic images of carbon cloth before and after NiO nanosheets\' growth.](srep07413-f2){#f2}

![TEM images and corresponding SAED pattern of NiO nanosheets.\
(a) Low-magnification TEM pattern of the as-prepared NiO structure peeled off from the carbon cloth. (b) Magnified TEM image of the NiO nanosheets. Inset: magnified image of the selected part showing the mesoporous feature of the NiO nanosheets. (c) High resolution TEM image of the nanosheets indicating the lattice spacing of 0.24 nm and 0.21 nm. (d) The corresponding SEAD pattern.](srep07413-f3){#f3}

![Nitrogen adsorption and desorption isotherms of the NiO structure.\
Inset: corresponding pore distribution derived from Absorption data and calculated from the isotherm using the BJH model.](srep07413-f4){#f4}

![Electrochemical characterizations of NiO nanosheets/carbon cloth based half-cells.\
(a) Representative galvanostatic discharging-charging voltage profiles at a current density of 100 mA g^−1^ in the voltage range of 0.01--3 V; (b) Capacity versus cycle numbers at 100 mA g^−1^ and the corresponding Coulombic efficiencies; (c) The rate performance of the electrode at various current densities. (d) Capacity of the electrode versus cycle numbers at the current density of 700 mA g^−1^ and the corresponding Coulombic efficiencies.](srep07413-f5){#f5}

![Exhibition of the mesoporous NiO nanosheets/carbon cloth based flexible full LIBs.\
(a) Blank carbon cloth under bending. (b) Mesoporous NiO nanosheets/carbon cloth under bending. (c) Schematic of the mesoporous NiO nanosheets/carbon cloth based full LIB. (d--e) Photograph of full mesoporous NiO nanosheets/carbon cloth based LIB under non-bending and bending. (f) Cycling performance of the bent full LIBs based on NiO electrodes cycled at 700 mA g^−1^ in the voltage range of 1--4 V for 100 cycles. (g) Photograph of "HUST" pattern lightened by an as-assembled LIB under bending.](srep07413-f6){#f6}
